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Abstract 
An estimate has been made of t h e  photon leakage spectrum from t h e  
moon due t o  photons a r i s i n g  from t h e  capture  and i n e l a s t i c  s c a t t e r i n g  of 
neutrons produced by g a l a c t i c  cosmic r ays .  The method of ca l cu la t ion  
cons i s t ed  of es t imat ing t h e  energy and s p a t i a l  d i s t r i b u t i o n  of t h e  neutron 
f l u x  i n  t h e  moon and then using Monte Carlo methods t o  ob ta in  t h e  photon 
source and t o  perform t h e  photon t r a n s p o r t .  While t h e  photon production 
and t r anspor t  are c a r r i e d  out with some exac t i t ude ,  t h e  r e s u l t s  must be 
considered very approximate because of t h e  approximate neutron-flux dis-  
t r i b u t i o n  t h a t  i s  used. I n  p a r t i c u l a r ,  no attempt i s  made t o  account f o r  
t h e  important e f f e c t  which hydrogen i n  t h e  luna r  composition would have 
on t h e  neutron-flux d i s t r i b u t i o n .  
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.I. INTRODUCTION 
Measurement of t h e  photon-energy spectrum from t h e  moon by a luna r  
o r b i t i n g  satel l i te  has been c a r r i e d  out  elsewhere [l] and, presumably, more 
complete measurements w i l l  b e  made i n  t h e  fu tu re .  The purpose here  i s  t o  
present  an approximate ca l cu la t ion  of some of t h e  general  f e a t u r e s  of t h e  
luna r  photon spectrum produced by g a l a c t i c  cosmic-ray bombardment. 
A complete descr ip t ion  of t h e  photon production would r equ i r e  a de- 
t a i l e d  ca lcu la t ion  of t h e  nucleon-meson cascade induced by t h e  g a l a c t i c  
cosmic-ray bombardment. 
a t  t h e  present  time because of t he  l ack  of data on p a r t i c l e  production from 
high-energy nucleon-nucleus and alpha-particle-nucleus c o l l i s i o n s .  
t h e  neutron spectrum t h a t  would a r i s e  from the  cosmic-ray bombardment of t h e  
moon w a s  estimated i n  a very approximate manner and only t h e  prompt photons 
a r i s i n g  from these  neutrons a r e  considered. Furthermore, because of t h e  
l ack  of photon-production d a t a  for high-energy neutron-nucleus c o l l i s i o n s ,  
only t h e  photon-leakage spectrum cont r ibu ted  by prompt photons a r i s i n g  from 
low-energy ( a 8  MeV) neutron capture  and i n e l a s t i c - s c a t t e r i n g  i n t e r a c t i o n s  
i s  determined i n  d e t a i l .  An approximate ca l cu la t ion  i s  made of t h e  cont r i -  
but ion of neutrons above 18 MeV and of t h e  inc ident  protons t o  t h e  t o t a l  
prompt photon leakage. 
Such d e t a i l e d  cascade ca l cu la t ions  a r e  not f e a s i b l e  
Here 
I n  sect ion I1 t h e  procedure used f o r  ob ta in ing  t h e  photon-source d is -  
t r i b u t i o n  and f o r  performing t h e  photon-transport ca l cu la t ions  i s  given. 
I n  sec t ion  I11 t h e  ca l cu la t ed  photon leakage s p e c t r a  f o r  t h e  t h r e e  poss ib l e  
luna r  compositions a r e  presented and discussed.  
. 
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11. )E!THOD OF CALCULATION 
The neutron spectrum at severa l  d i s tances  i n t o  t h e  moon w a s  con- 
s t r u c t e d  using t h e  work of Arnold [ 2 ] ,  Lingenfel ter  e t  aZ. [ 3 ] ,  
Newkirk [ 41, and Hess e t  aZ. [ 53. 
A l s o  shown i n  Fig.  1 f o r  comparison and l a t e r  reference i s  t h e  g a l a c t i c  
proton spectrum [61. 
for E < 2 MeV are based on Newkirk's ca l cu la t ions  f o r  t h e  e a r t h ' s  
atmosphere, and f o r  E > 2 MeVthese spec t r a  a r e  Arnold's es t imate  f o r  
a lunar composition.2 A t  0 g/cm2 f o r  E < 2 MeV t h e  neutron-leakage 
spectrum ca lcu la ted  by Lingenfelter e t  aZ. w a s  used, and f o r  E > 2 MeV 
t h e  shape w a s  assumed t o  be the same as Arnold's 30 g/cm2 spectrum. 
The shape of t h e  200 g/cm2 spectrum f o r  E < 100 MeV w a s  based on t h e  
measurements of Hess e t  aZ. for  t h e  e a r t h ' s  atmosphere, and f o r  
E > 100 MeV t h e  shape of Arnold's 100 g/cm2 spectrum w a s  used. 
normalization of a l l  spec t r a  was based on est imates  due t o  Arnold. 
The neutron spectrum a t  a l l  s p a t i a l  po in t s  , $(E,x)  , w a s  obtained by 
These spec t r a  are shown i n  Fig.  1. 
The neutron spec t r a  at 30 g/cm2 and a t  100 g/cm2 
The 
in t e rpo la t ion ,  and t h i s  estimate of $(E,x) w a s  assumed t o  be v a l i d  f o r  
a l l  compositions. It must be understood, of course,  t h a t  t h i s  neutron- 
f l u x  d i s t r i b u t i o n  i s  very approximate and the re fo re  the  photon leakage cal-  
cu la ted  from it i s  a l s o  very approximate. 
made t o  account for t he  important e f f e c t  t h a t  hydrogen i n  t h e  luna r  com- 
pos i t i on  would have on t h i s  d i s t r ibu t ion  [ 3 ] .  
I n  p a r t i c u l a r ,  no attempt i s  
2Arnold's spec t r a  are not s ens i t i ve  t o  t h e  assumed lunar  composition 
although t h e  hydrogen content i s  assumed t o  be low [ 2 ] .  
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Fig. 1. Estimated Neutron Spectra  i n  Moon Due t o  Cosmic Ray 
Bombardment; Incident  Proton Flux.  
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The photon source s t rength  can be expressed as 
where 
S(E ' ,x )  = number of photons produced per  u n i t  energy at E '  
per  u n i t  volume at x per  u n i t  time 
0 ( E )  = macroscopic neutron cross  sec t ion  a t  energy E f o r  
t h e  k th  type of i n t e r a c t i o n  (capture  or i n e l a s t i c  
Rk 
s c a t t e r i n g )  with t h e  Rth element 
nRk(E-+E' ) = number of photons produced per  u n i t  energy at E '  
given t h a t  a neutron of energy E has kth type 
i n t e r a c t i o n  with t h e  Rth element. 
i s  t h e  maximum neutron energy t o  be considered and E min = Emax 
MeV. 
source w i l l  be used as input  t o  a Monte Carlo t r anspor t  program, 
it i s  convenient t o  sample the above source d i s t r i b u t i o n  f o r  dis-  
c r e t e  values of E '  and x. 
Because of t h e  form of the  da t a  f o r  nRk and s ince  t h e  photon 
For t h i s  purpose Eq. (1) can be re- 
wr i t t en  as 
where 
8 
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W2(E) = 1 dE' ukR(E+E')  . 
0 
Values of E'  and x are then r e a l i z e d  by sampling E and x from t h e  j o i n t  
p robab i l i t y  densi ty  funct ion p,(E,x), s e l e c t i n g  k and R according t o  t h e  
p r o b a b i l i t i e s  pk (E)  and p R ( E ) ,  r e spec t ive ly ,  and then  choosing E '  from 
p y ( E ' ) .  Each source photon then  has t h e  s t a t i s t i c a l  weight W1W2(E). 
Se lec t ion  of t he  source photon energy w a s  accomplished using a com- 
pu te r  program developed i n  a r e l a t e d  study by Leimdorfer and Boughner [TI .  
Photon-production da ta  f o r  i n e l a s t i c  s c a t t e r i n g  ( v a l i d  f o r  neutron energies  
up t o  18 MeV) were taken f r o m t h e  compilation of Ray et aZ. [ 8 ]  f o r  a l l  
elements used except magnesium. 
used i n  [ 71. 
taken from t h e  compilation of Bartholomew et aZ. [9 ]  and Groshev et aZ. [91, 
and t h e s e  same da ta  were used f o r  epithermal-neutron capture .  Neutron 
cross  sec t ions  were obtained from t h e  05R cross-sect ion l i b r a r y  [ l o ] .  
The magnesium da ta  a r e  t h e  same as those  
The photon-production da ta  f o r  thermal-neutron capture  were 
9 
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The photons were t ransported using t h e  OGRE Monte Carlo program [ U ] .  
The i s o t r o p i c  angular d i s t r i b u t i o n  of t h e  source photons w a s  b iased  (with 
appropr ia te  modif icat ion t o  the  photon weight) t o  encourage leakage and 
thereby improve t h e  s t a t i s t i c s  of t h e  ca l cu la t ion .  The production and 
t r anspor t  of ann ih i l a t ion  photons were inc luded .  Photons below 0.3 MeV 
were not t ranspor ted .  
P l aus ib l e  lunar  compositions, which a r e  cons i s t en t  with d i f f e r e n t  hy- 
potheses of t h e  moon's o r i g i n ,  have been i n f e r r e d  by Palm and Strom [12] 
and represented by t h r e e  rock types:  
The range of elemental  abundances f o r  each of t hese  rocks i s  shown i n  
Table 1. Calculat ions were performed for  each type of rock (us ing  a l i n e a r  
average for  t h e  abundance ranges shown i n  t h e  t a b l e )  with t h e  exception t h a t  
hydrogen w a s  not included. The inc lus ion  of r e l a t i v e l y  l a r g e  amounts of 
hydrogen would, of course,  a l t e r  t h e  neutron spec t r a  i n  Fig.  1 and could 
inf luence  t h e  photon leakage spectrum s i g n i f i c a n t l y .  A l s o ,  t h e  omission 
of hydrogen i n  t h e  compositions means t h a t  t h e  2.2-MeV photon production 
from neutron capture i n  hydrogen i s  neglected.  The dens i ty  of t h e  moon w a s  
taken t o  be 3.34 g/cm3 [141. 
a c i d i c ,  b a s a l t i c ,  and a e r o l i t i c . 3  
Photon production due t o  i n e l a s t i c  s c a t t e r i n g  with t h e  elements Cay 
N a ,  N i ,  S ,  and K was not included because of t h e  scant  photon-production 
da ta  f o r  t hese  elements. The omission of these  photons is  not expected t o  
be important s ince  it i s  estimated t h a t  they would cont r ibu te  only a few 
percent  t o  t h e  t o t a l  photon production. 
3Preliminary ana lys i s  of t h e  a -sca t te r ing  da ta  obtained from t h e  recent  
Surveyor V mission suggests a basa l t ic - type  composition a t  t h e  landing 
s i t e  [13]. 
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Table 1 
Elemental Abundances, i n  Weight Percerrt, of  Poss ib le  
Lunar Compositions (from Palm and Strom E1211 
Element Acidic Basa l t i c  A e r o l i t i c  
0 
S i  
Al 
Fe 
Mg 
Ca 
N a  
K 
N i  
S 
H 
47 - 52 
31 - 38 
5 - 10  
1 - 6  
0 . 1  - 2 
0 .1  - 3 
0.2 - 4 
1 - 5  
0.07 - 0.2 
43 - 46 
21 - 24 
3.5 - 9 
6.5 - i o  
3 - 14 
5 - 8  
1 - 2.5 
0.2 - 1 . 5  
0.1 - 1 
33 - 44 
17 - 25 
1 - 6  
12  - 22 
14 - 18 
1 - 7  
0.6 - 0.8 
0 . 1  - 0.2 
0.1 - 1 . 7  
0.2 - 2 
0.03 - 0 . 1  
- 1  
, 
, 
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111. RESULTS AND CONCLUSIONS 
Photon leakage spec t r a  based on neutron energ ies  l e s s  than E = 18 MeV m a x  
are shown i n  Figs .  2,  3, and 4 fo r  t h e  t h r e e  assumed compositions. The 
width of t h e  energy i n t e r v a l s  f o r  t h e  histograms i s  0.025 MeV, and t h e  sta- 
t i s t i c a l  e r r o r  (one s tandard devia t ion)  due t o  s e l e c t i o n  from t h e  photon- 
source d i s t r i b u t i o n  and t o  t h e  photon t r anspor t  i s  ind ica t ed .  The more 
prominent peaks a r e  labe led  according t o  the  element and type  of i n t e r -  
a c t i o n  producing t h e  photon. The t o t a l  photon leakage i s  1 4 ,  12 ,  and 9 
photons per  cm2 pe r  sec for the  a e r o l i t i c ,  b a s a l t i c ,  and a c i d i c  composi- 
t i o n s ,  respec t ive ly .  The leakage spec t r a  f o r  a l l  t h r e e  compositions ex- 
h i b i t  e a s i l y  i d e n t i f i e d  peaks t h a t  a r e  we l l  above t h e  continuum. From t h e  
appearance of t h e s e  spec t r a ,  one would expect t h e  more prominent peaks t o  
s t i l l  be  conspicuous a f t e r  t h e  smoothing e f f e c t  of a de t ec to r  response.  
The magnitudes of t h e  more prominent peaks f o r  each composition a r e  
compared i n  Table 2 .  The corresponding peaks for each composition d i f f e r  
s u f f i c i e n t l y  i n  magnitude t o  iden t i fy  t h e  type of  composition. For ex- 
ample, t he  r a t i o  of t h e  7.63- and 7.64-MeV i r o n  capture  l i n e  t o  t h e  6.10-MeV 
oxygen i n e l a s t i c  l i n e  i s  about 0 . 5 ,  2 ,  and 4 f o r  t h e  a c i d i c ,  b a s a l t i c ,  and 
a e r o l i t i c  compositions, respec t ive ly .  The ac id i c  composition i s  e a s i l y  
d i s t ingu i shab le  by t h e  prominence of t he  s i l i c o n  l i n e s .  
12 
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Table 2 
Comparison of t h e  More Prominent Peaks i n  t h e  Photon Leakage Spectrum 
Energy I n t e r v a l  
(MeV 
0.825 - 0.850 
1.350 - 1.375 
1.600 - 1.625 
1.775 - 1.800 
3.525 - 3.550 
4.925 - 4.950 
5.900 - 5.925 
6.075 - 6.100 
7.625 - 7.650 
In t e rac t ion  and 
( MeV 
Photon Energy . 
Fe i n e l a s t i c ,  0.85 
Mg i n e l a s t i c ,  1.37 
Fe capture ,  1 .61  
K cap ture ,  1.62 
S i  i n e l a s t i c ,  1.78 
S i  capture ,  3.54 
si capture ,  4.94 
Fe capture ,  5.92 
o i n e l a s t i c ,  6.10 
Fe capture ,  7.64 
Fe capture ,  7.63 
Magnitude of Peak 
( Photons/cm2 s ec .MeV) 
~ ~~ ~- ~~ 
Acidic Basa l t i c  Aeroli  t i c  
4.8 f 0.9 5.7 f 1.1 1 1 . 4  f 1 . 4  
3.7 f 0.9 5.5 f 1 . 3  8.9 f 1 . 4  
1 .9  k 0.7 4.5 f 1 . 5  6.9 f 1 . 4  
~ 4 . 3  f 1 . 5  9.8 f 0.8 9.4 f 1 . 2  
8.8 f 1 .3  4 . 1  f 1.1 3.9 f 1 . 2  
7.5 ? 1 . 7  5.4 f 1.3 4.5 t 0.3 
1 .0  f 0 .5  3 .1  t 0.9 9.0 2 1 . 4  
10.3 f 1 .2  9.7 f 1.0 8.2 ? 1 .3  
4.8 f 1.0 16.5 f 2.3 35.0 f 2.6 
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Although the  photon-production da ta  are s t r i c t l y  app l i cab le  only f o r  
neutron energies of l e s s  than 18 MeV,  an approximate ca l cu la t ion  w a s  made 
t o  include de-exci ta t ion photons produced by t h e  i n t e r a c t i o n  of neutrons 
above 18 MeV. 
production spectrum f o r  neutron energies  g r e a t e r  than 18 MeV i s  t h e  same 
as t h a t  a t  18 MeV. 
per imental  r e s u l t s  f o r  photon production i n  aluminum by high-energy pro- 
t ons  [15 ] .  A comparison of t h e  t o t a l  photon leakage from t h i s  approximate 
c a l c u l a t i o n  using E = with t h e  previous r e s u l t s  f o r  E = 18 MeV in- 
d ica t ed  t h a t  about 60% of t h e  t o t a l  photon leakage due t o  neutron i n t e r -  
ac t ions  at a l l  energies  i s  cont r ibu ted  by neutrons with energ ies  of l e s s  
than  18 MeV. Furthermore, about 90% of t h e  t o t a l  photon leakage i s  con- 
t r i b u t e d  by neutrons with energies  of l e s s  than  75 MeV. 
For t h i s  rough es t imate  it w a s  assumed t h a t  t h e  photon- 
The photon m u l t i p l i c i t y  f o r  E > 18 MeV w a s  based on ex- 
max max 
It i s  of i n t e r e s t  t o  compare t h e  photon leakage ca l cu la t ed  above due 
t o  prompt photon production by neutrons with t h e  leakage cont r ibu ted  by 
prompt photons r e s u l t i n g  from inc ident  proton-nucleus i n t e r a c t i o n s .  An 
approximate ca lcu la t ion  using t h e  proton-source spectrum shown i n  Fig.  1 
and t h e  experimental photon-production da ta  of Zobel e t  aZ. [15]  f o r  protons 
ind ica t e s  t h a t  t h e  proton cont r ibu t ion  mounts  t o  about 1% of t h a t  of t h e  
neutrons.  This estimate does not include a cont r ibu t ion  from inc ident  pro- 
tons  below 20 MeV which a r e  not shown i n  Fig.  1, but  s ince  protons of t h i s  
energy have a very sho r t  range i n  mat ter  they  w i l l  predominantly slow down 
and s t o p  without producing photons, and the re fo re  t h i s  con t r ibu t ion  i s  ex- 
pected t o  be  small. There w i l l  a l s o  be a cont r ibu t ion  t o  t h e  t o t a l  photon 
leakage from photons produced by inc ident  a lpha p a r t i c l e s ,  bu t  s ince  t h e  
number of incident a lpha p a r t i c l e s  i s  small compared t o  t h e  number of inc ident  
protons t h i s  cont r ibu t ion  t o  the  photon leakage may a l s o  be  expected t o  be 
s m a l l  compared t o  t h e  cont r ibu t ion  from neutrons.  
18 
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